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744a Wednesday, February 19, 2014internal Ca2þ by patch clamp on inside-out configuration. Gating currents were
elicited by steps of 1 ms to increasing voltages ranging from 90 to 350 mV in
increments of 10 mV, and integrated during the onset of depolarizing pulses to
generate charge versus voltage (Q/V) curves. Our results show that the effects
of the b1 subunit on the resting-active equilibrium of the voltage sensor is deter-
mined by the N- and C-terminal with a major contribution of the N-terminus.
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Large-conductance calcium- and voltage-activated potassium (Slo1 BK) chan-
nels are important for smooth muscle contraction and neurotransmitter release.
Since BK channel gating is allosteric in nature, the conformations of the do-
mains sensing transmembrane voltage (VSD) and intracellular calcium
(CSD) reciprocally influence each other, either directly or via the central
pore/gate domain (PGD). Thus, to fully understand the gating of BK channels
involving multiple domains, determination of voltage dependence of both
conductance (GV) and gating-charge movement (QV) is required. Here we
evaluated how VSD-linker segments facing the CSD influence channel gating.
Whole-cell gating currents were measured upon BK expression in tsa201 cells.
In the absence of intracellular Ca2þ, the voltage for half-maximal off-gating
charge movement (V0.5,Q) was 15952 mV (n=6) with a corresponding
apparent gating charge (Qapp) of 0.8050.02 e0. Coexpression of the human
b1 subunit or increasing intracellular [Ca2þ] to 10 mM left-shifted V0.5,Q by
42 mV and 70 mV, respectively, without significant changes in Qapp. To inves-
tigate allosteric domain interactions in BK, we analyzed the effect of
combining mutations within S4/S5 and S6/C linkers on GV and QV in the
absence of Ca2þ. S6/C-linker mutations G327F and K330F shifted the GV
by 109 mV and 133 mV and the QV by 7 mV and 10 mV, respectively.
S4/S5-linker mutations F223AþL224A and E219R shifted the GV by 22
mV and 120 mV, and the QV by 97 mV and 109 mV, respectively. In
the background of G327F or K330F, GVs were further shifted by up to
200 mV only by F223AþL224A. The data suggest that residues F223 and
L224 (S4/S5 linker) and G327 and K330 (S6/C linker) are involved in allosteric
coupling in BK channels. Supported in part by DFG HE 2993/8 and NIH.
3761-Pos Board B489
Probing the Voltage Gated Proton Channel Hv1 with FRET
Victor De la Rosa, Gisela E. Rangel-Yescas, Ernesto Ladron-de-Guevara,
Leon D. Islas.
UNAM, Mexico, Mexico.
The Hv1 proton channel has been shown to contribute to acid extrusion after
acid loading in cells, it is involved in pH regulation in the airway epithelium
and in the innate immune system during the respiratory burst and it has been
proposed to play a role in the capacitation process of the sperm, aditionally
the proton channel can also help set the membrane potential. The Hv1 channel
is similar to the voltage sensing domain of voltage gated Kþ and Naþ channels,
it assembles into a dimer were each of the subunits forms a permeation pathway
which is highly cooperative. Here, by measuring Foster Resonance Energy
Transfer (FRET) between fluorescent proteins and with the non-fluorescent
molecule dipicrylamine (DPA), we attempt to get some insigths about the or-
ganization and function of the Hv1 proton channel.
mCitrine or mCerulean fluorescent proteins were attached to the C-termini of
the channel. HEK 293 cells were cotransfected with the constructs and FRET
was measured by the spectral FRET method. DPA was used as an energy
acceptor for the mCitrine fluorescence in injected Xenopus oocytes membrane
sheets. DPA intercalates in the membrane, quenching the fluorescence by a
FRET mechanisms, allowing distance measurements between the membrane
and the C-termini.
We have been able to determine the relative separation between the C-termini
of the dimer and its relation to the membrane plane. Results are consistent with
the X-ray structure of the coiled-coiled C-terminal domain.
This work is supported by grants from CONACYT No. 151297 and DGAPA-
PAPIIT IN209209 to L.D.I.
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The unsaturated fatty acids are important component of the biological mem-
branes and the precursors of mediators of inter- and intra-cellular signaling.
It is well-known that the unsaturated fatty acids, including arachidonic acid(AA, C20:4), modulate functions of various ion channels in a distinct manner;
some ion channels are activated whereas others are inhibited. The voltage-gated
proton channel (VSOP/Hv1) can control the proton conductance by membrane
voltage and pH. It helps the production of reactive oxygen species by NADPH
oxidase in immunocytes. The enhancement of the production of reactive oxy-
gen species by AA has been reported to be accompanied by the increase of Hv
currents in neutrophils, macrophages, and eosinophils. However, the detailed
molecular mechanisms of actions of AA on the voltage-gated proton channel
have remained elusive. Here we report the effects of AA on mouse Hv1 heter-
ologously expressed in HEK293T cells by electrophysiological analysis. We
measured Hv currents in the inside-out patch clamp configuration under pH
7.0 in both solutions of pipette and bath. The addition of 50 uM AA with
rapid-perfusion system immediately increased the magnitude of Hv currents
through mHv1 that are evoked during one second depolarizing step to 100
mV by 20 times. After washout of AA, the currents rapidly returned to the orig-
inal current level. The analysis with sixty second depolarizing pulse showed
that Hv currents exhibited more than 15 times faster activation kinetics and
1.5 times larger steady-state conductance upon the addition of AA. We also
examined the effects of other fatty acids and constructs of mHv1. Based on
these results, we would discuss the molecular mechanisms and the essential
sites for the actions of unsaturated fatty acids on Hv1.
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Voltage-gated proton channels (Hv1) play important roles in the respiratory
burst, in pH regulation, in spermatozoa, in apoptosis, and in cancer metastasis.
Unlike other voltage-gated cation channels, the Hv1 channel lacks a centrally
located pore formed by the assembly of subunits. Instead, the proton perme-
ation pathway in the Hv1 channel is within the voltage-sensing domain of
each subunit. The gating mechanism of this pathway is still unclear. Mutagenic
and fluorescence studies suggest that the fourth transmembrane segment, S4,
functions as the voltage sensor and that there is an outward movement of S4
during channel activation. Using thermodynamic mutant cycle analysis, we
find that the conserved positively charged residues in S4 are stabilized by
counter charges in the other transmembrane segments both in the closed and
open states. We construct models of both the closed and open states of Hv1
that are consistent with the mutant cycle analysis. These structural models sug-
gest that electrostatic interactions between transmembrane segments in the
closed state pull hydrophobic residues together to form a hydrophobic plug
in the center of the voltage-sensing domain. Outward movement of S4 removes
the hydrophobic plug, as if this hydrophobic plug works as the gate that pre-
vents protons to permeate the Hv1 channel in the closed state.
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Voltage-gated proton channels (Hv1) play important roles in the respiratory
burst, in pH regulation, in spermatozoa, in apoptosis, and in cancer metastasis.
The ability to block them selectively is an important target for drug develop-
ment and for biophysical studies of channel function. Recently, 2-guanidoben-
zimidazole (2-GBI), a selective and state-dependent blocker of Hv1 channels
was identified. However, the exact location of the binding site for a blocker
as well as its apparent state-dependence has yet to be established. Recently,
we have investigated the structure of the closed and open states of the
voltage-gated proton channel through a combination of modeling and experi-
mental analysis. To understand the mode binding and blocking and to hopefully
identify the binding pocket, an initial docking study was performed for all of
the ligands reported by Hong et al (25) as having significant binding affinity
with the open channel monomer.
We tested whether our open- and closed-state models could explain the state-
dependence of the binding of the guanidine analogue 2-guanidobenzimidazole
(2-GBI) from the cytosolic side of the channel. A combination of free-energy
simulations and molecular docking established the architecture of the cytosolic
binding site for 2-GBI. The site is centered near F198, consistent with the
experimental data allowing for interactions between the positively-charged
guanidine moiety of 2-GBI and the negatively-charged residues E201, D222,
and E219. The aromatic ring of 2-GBI is stabilized by residues in the proximity
of F198. In the closed state model, E201, D222, and E219, are occupied by the
Wednesday, February 19, 2014 745aguanidine moieties of R255 and R258 from S4, thereby preventing 2-GBI ac-
cess to its binding site. Additional binding modes were investigated by a com-
bination of MD and Free Energy simulations.
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The voltage-gated proton channel Hv1 plays a key role in the regulation of ROS
production by NOX enzymes in phagocytic cells. Excessive channel activity
enhances proliferation and invasiveness in cancer cells, and worsens brain dam-
age after ischemic stroke. The Hv1 channel is composed of two subunits, each
containing a proton-permeable voltage-sensing domain (VSD) and lacking the
pore domain typical of other voltage-gated ion channels. We have previously
shown that the compound 2-guanidinobenzimidazole (2GBI) inhibits the Hv1
channel and that its binding site in the VSD is accessible from the intracellular
side of the membrane only when the channel is open. Here, we examine the
apparent binding affinities of a series of 2GBI derivatives on Hv1 channels
mutated at positions located in the core of the VSD and apply mutant cycle
analysis to determine the most likely interactions between channel and inhibi-
tor. We identify four residues involved in 2GBI binding and determine the
orientation of the blocker inside the VSD. Our data provide a simple explana-
tion for the very large difference in binding affinity between 2GBI and the
related compound 2-guanidinobenzoxazole (2GBOZ), and suggest ways to
design more effective Hv1 inhibitors. We also investigate the molecular char-
acteristics that allow guanidine derivatives to reach the binding site when added
from the extracellular side of the membrane so that they can be used to block
endogenous proton channels under physiological conditions. This work is sup-
ported by NIH -National Institute of General Medical Sciences, grant
R01GM098973.
3766-Pos Board B494
Exploring Conformational Rearrangements in a Novel Voltage-Sensing
Protein
Ferenc Papp, Erika Babikow, Jaime Smith, Tsg-Hui Chang,
Kenton J. Swartz.
National Institutes of Health, Bethesda, MD, USA.
Through bioinformatic searches, we have identified a protein coded by the
C15orf27 gene that we named NVS (Novel Voltage Sensor). NVS contains
531 residues and consists of 3 parts: an S1-S4 domain, a 90 residue N-terminus
and a 307 residue C-terminus, both of which are predicted to be intracellular.
The most critical residues found in S1-S4 domains of other voltage sensors
are conserved in NVS, including 3 Arg and a Lys in the S4 helix, 4 conserved
acidic residues in S1-S3 and the charge-transfer Phe in S2. In addition, the
C-terminus is predicted to contain a coiled-coil domain, similar to Hv1. Our
working hypothesis is that NVS functions as a voltage sensor that couples to
intracellular signaling pathways (as yet undefined) or interacts with Hv1 to
form hetero-oligomers through the C-terminal coiled-coil domain. In the pre-
sent study we used site-specific voltage-clamp fluorometry to look for evidence
that NVS may undergo conformational rearrangements in response to changes
in membrane potential. We identified several positions on the S3-S4 loop where
introduced and labeled Cys residues produced changes in fluorescence as a
function of membrane potential. Several positions give complex fluorescence
responses, starting with a rapid increase in fluorescence followed by slower
decrease in fluorescence. Additionally we applied fluorescence quenchers
extracellularly and examined the voltage dependence of quenching. Our results
show that depolarization increases fluorescence quenching, suggesting the
quencher has increased access to the fluorophore at positive membrane poten-
tials. Taken together, our results support the hypothesis that NVS undergoes a
conformational change in responses to membrane depolarization, and we are
currently investigating the oligomeric state of NVS testing whether it can
form heteromeric complexes with Hv1.
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The human voltage gated proton channel (Hv1) plays an important role in a
wide variety of physiological functions, including male fertility, immune
response and metastatic proliferation. Upon transmembrane voltage stimulus,
the rearrangement of positively charged S4 leads to highly selective and direc-
tional conduction of proton. Hv1 carries out this function on the structural blue-
print of the S4-containing voltage sensing domains (VSD). As a way to
understand Hv1 gating, we have developed a simple biochemical preparation
of functional Hv1 as shown by established fluorescence based proton fluxassay. We have probed Hv1 in the functional proteoliposome by site-directed
spin labeling EPR spectroscopic (SDSL-EPR) methods. Mobility and accessi-
bility information show that the secondary structure of transmembrane seg-
ments is generally consistent with the expected VSD topology. Solvent
accessibility measurements revealed that the gating Arginines (205, 208 and
211) are located on the lower part of S4, the internal leaflet of the bilayer.
The presence of a narrow solvent occluded region strongly suggests a short pro-
ton conduction pathway, and does not seem to be compatible with the idea of a
long water wire across membrane. Furthermore, the Hv1 represents a resting
state VSD at 0 mV according to its G-V curve . The structural details from
Hv1 provide unique insight to not only the proton conduction, but also the
mechanism of voltage sensing.
3768-Pos Board B496
Electromechanical Coupling in Gating of the Hv1 Voltage Sensor is Re-
vealed by Resting-State Currents in an S4 Arg to His Mutation (R205H)
I. Scott Ramsey, Aaron L. Randolph.
Dept Physio/Biophys, Virginia Commonwealth Univ, Richmond, VA, USA.
In the tetrameric Shaker voltage-gated Kþ channel, the gating of a resting-state
proton currents in the S4 mutant R362H reports a conformational change asso-
ciated with voltage sensor (VS) activation (Starace, et al., 2004). Here we show
that the analogous R205H mutation in the Hv1 proton channel mediates a novel
Hþ ’shuttle’ conductance (GSH) that is gated off by membrane depolarization.
The similarity of GSH in Hv1 R205H to the channel-like Shaker R362H sug-
gests that GSH gating can be used to measure VS activation in Hv1. The
intrinsic or ‘aqueous’ Hþ conductance (GAQ) in Hv1 R205H occurs mainly
at more positive voltages than GSH, producing a distinctive U-shaped G-V rela-
tion. The separation of GSH from GAQ gating along the voltage axis implies that
initial voltage sensor activation precedes the opening of GAQ in Hv1. Changes
in the transmembrane pH gradient that are known to shift the apparent voltage
dependence of GAQ gating similarly affect GSH, indicating that pH-dependent
gating occurs early in the Hv1 activation pathway. Second-site mutations of
an S3 acidic residue (D185) that is selectively conserved in Hv1 orthologues
shift the voltage dependence of GAQ gating, but do not alter GSH gating.
D185 mutations are thus interpreted to perturb coupling between VS activation
and the opening of GAQ. Another second-site mutation that results in voltage-
dependent block of GAQ (R205H-N214R) does not affect the voltage depen-
dence of either GSH or GAQ gating. The existence of VS-pore coupling in
Hv1, which lacks a canonical pore domain, demonstrates that electromechan-
ical coupling is not exclusive to tetrameric voltage-gated cation channels.
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The voltage-gated Hþ channel (Hv) is a Hþ permeable voltage-sensor domain
(VSD) protein that consists of four transmembrane segments (S1-S4). Hv as-
sembles as a dimeric channel and two transmembrane channel domains func-
tion cooperatively; which is mediated by the coiled-coil assembly domain in
the cytoplasmic C-terminus. However, the structural basis of the inter-
domain interactions remains unknown. Here, we provide a picture of the dimer
configuration based on the analyses of interactions among two VSDs and a
coiled-coil domain. Systematic mutations of the linker region between S4 of
VSD and the coiled-coil showed that the channel gating was altered in the he-
lical periodicity with the linker length, demonstrating that two domains are
linked by helices. Cross-linking analyses revealed that the two S4 helices
were situated closely in the dimeric channel. Thus, continuous helices stretch-
ing from the transmembrane to the cytoplasmic region in the dimeric interface
regulate the channel activation in the Hv dimer.
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Voltage sensing domain (VSD) relaxation is a process involving a voltage-
independent transition from the activated state into the relaxed state. This
process has been shown to shift the voltage dependence for sensing charge
movement (sensing current) in the voltage sensitive phosphatase (VSP) known
as Ci-VSP and to slow down the deactivation of potassium currents in Shaker
and Kv1.2. Given the effect of VSD relaxation on the dynamics of these voltage
sensitive proteins, it is thought that the relaxed and the active states are
comprised of different set of conformations. Thus, it is possible that these states
are sensitive to different physiological parameters. Here, it is shown that VSD
activation and relaxation in Ci-VSP display different sensitivity to external pH
